The dynamics of domain wall motion in permalloy nanowires have been simulated utilizing the Landau-Lifshitz-Gilbert (LLG) equation of motion. The simulation results are presented in terms of the domain wall speed for ranges of the Gilbert damping parameter alpha and nanowire width. The maximum domain wall speed is independent of alpha. The speed of the domain wall can be increased by increasing the nanowire width, but this lowers the critical field. For applied fields below the critical field, the wall moves uniformly along the wire and the speed of the wall increases with increases in the driving field. This behavior is consistent with current analytic models; however, the models overestimate both the value of the domain wall speed and the critical field.
I. INTRODUCTION
T HE ability to fabricate and observe magnetic devices with nanometer dimensions has created opportunities to investigate magnetization changes in systems that can be modeled as one-dimensional [1] , [2] . Magnetization changes depend on the motion of domain walls, but even the most idealized cases can be complicated to understand due to the nonlinear behavior of the motion [3] . Magnetic devices have been proposed that would use domain wall motion to transmit information along a nanowire [4] . This motion can be driven both magnetically and electronically, but the speed at which the device operates depends only on the speed at which a domain wall can be moved [5] - [7] . Understanding the limitations on the speed a domain wall can move is critical to developing high-speed devices.
The Walker model is currently the best analytic theory available to describe the speed at which a one-dimensional domain wall will propagate [3] , [8] . The Walker field is the critical field at which the domain wall moves with maximum speed. It is observed that driven domain walls obey the general behavior predicted by Walker, see Fig. 1 , but it will be shown that the calculated values for the maximum wall speed and critical field overestimate what is observed [9] .
Here, micromagnetic simulation is used as a tool to develop an understanding as to how a domain wall evolves when subject to an applied driving field for a range of values of the damping parameter alpha and nanowire widths. A physical interpretation of the micromagnetic simulations, and therefore of the domain wall dynamics, is necessarily dependent on the value of damping parameter used. The physical mechanisms behind alpha are not well-understood [10] ; therefore, the results in this work are presented as a function of alpha. is 100 nm wide. Micromagnetic simulation follows the precessional motion of each magnetic moment, , in a magnetic field, , by integrating the three-dimensional Landau-LifshitzGilbert (LLG) equation of motion (1) where m/(As) [11] . The field term, , includes the applied field, the magnetostatic field, and the exchange field with the parameters A/m, J/m, respectively, for permalloy. No crystalline anisotropy was used in this simulation. To assist in interpreting the magnetization dynamics, the damping parameter has been varied from 0.005 to 0.1. In order to carry out the micromagnetic calculation, the nanowire was discretized into identical cubes of uniform magnetization, 5 nm on a side. The discretization has been checked with 2 nm cubes without any qualitative or quantitative difference in the results. The numerical integration is carried out using a fourth-order predictor-corrector method, with a 0018-9464/$20.00 © 2006 IEEE subpicosecond time step. The wire is subject to free boundary conditions on all of its edges.
In order to determine the average speed of the domain wall, the speed was calculated over a 2 m section in the central part of the wire where the wall speed was constant and not affected by the ends of the wire. Simulations were completed on wires up to 5 m in length with no difference in the domain wall speed through the center of the wire.
The domain wall in the wire was generated by artificially placing a sharp head-to-head transition in the center of the wire. This abrupt transition was allowed to relax to its equilibrium state. A small field (to ensure no turbulent dynamics) was then placed on the wall to move it towards the left end of the wire. When the wall was about 400 nm from the left end, a steady (reversed) driving field was applied until the wall moved completely out of the right-hand side of the wire. The wire configuration with the wall 400 nm from the left-hand side was the initial state for every trial reported here.
III. RESULTS AND DISCUSSION
The average speed of a domain wall, as it moved along the nanowire, and the maximum speed of the wall were determined as a function of the applied driving field in 100 nm wide wires for damping parameters ranging from to . The results are summarized in Fig. 1 . The average speed as a function of the applied field is plotted for the three smallest values of alpha, the most likely physical values for permalloy, showing an increase in the critical field as alpha increases. The critical field is the field at which the domain wall moves with the greatest speed. The general shape of the speed curve is constant for all values of alpha, just shifted to higher critical fields as alpha increases. The inset in Fig. 1 shows the critical field, and the maximum (critical) domain wall speed for each value of alpha simulated. The critical field increases linearly for the full range of damping parameters simulated in this work, and the critical speed of the domain wall is independent of the value of the damping parameter. Fig. 2 shows that for applied fields below the critical field, called the viscous regime, the domain wall moves uniformly down the wire. When the applied field is greater than the critical field there is a sharp drop in the average speed of the domain wall. As previously reported, the increased torque due to the large magnetic field induces precessional motion and vortex nucleation within the wall [8] , [12] . Increasing the damping parameter suppresses the precessional motion, which leads to an increase in the critical field. It has been shown that adding edge roughness to the nanowire suppresses the precession as well [8] . The domain wall undergoes a ratcheting motion as it travels down the length of the wire. The ratcheting motion has periods when the wall moves with high speeds, and other periods when the wall is stationary, leading to the low values for the average speed [12] . It is noted that above the critical field when the domain wall is moving, the wall travels at speeds close to the critical speed.
Once it was determined that the maximum domain wall speed obtained in the wire was independent of the damping parameter the width of the nanowire was varied. For the average Fig. 2 . Simulated time evolution of the domain wall propagation through the middle portion of a 100 nm wide nanowire driven by a 560 A/m applied field. The field strength is below the value of the critical field and therefore the domain wall moves uniformly along the wire in the direction of the applied field. Arrows are included to help visualize the direction of the magnetic moments in the nanowire. domain wall speed is plotted as a function of applied field, Fig. 3 , for wire widths of 50, 100, and 150 nm. The curves have the same shape as in Fig. 1 , in that there is a viscous regime where the wall speed increases with applied field up to a critical speed at the critical field and a sharp decrease in speed above that field. It is shown that the value of the critical field decreases, and the critical speed increases as the width of the wire increases. The inset of Fig. 3 shows that the domain wall velocity increases linearly up to the value of the critical field ( kA/m for the 150 nm wide wire), for each of the wire widths simulated, behavior that is consistent with the Walker model [3] . In the viscous regime the domain wall speed is predicted by (2) where and are the same as reported earlier, is the domain wall width, and is the driving field. In the viscous regime, see Fig. 2 , the domain wall width is constant. The domain wall width is measured from simulation, and the calculated domain wall speed, using the Walker model, is plotted in Fig. 4 as a function of the driving field. The domain wall speed obtained from the simulations is plotted on the same axes, showing that the Walker model overestimates the wall speed. It is found that the difference is around a factor of three. This discrepancy is in agreement with previously published results where unphysical domain wall widths or unphysical values of the damping parameter must be used to force agreement with theory [2] , [8] . The Walker model also overestimates the value of the critical field for which the maximum wall speed can be reached. The expression for the Walker field is (3) where is the saturation magnetization, and is again the damping parameter. In a 100 nm wide permalloy nanowire with , the critical field is found to be 3.2 kA/m. When compared to the critical field in Fig. 1 the difference is found to be about a factor of three, although this factor changes with wire width. The expression for the Walker field (3) does not account for differences in material shapes or sizes. The discrepancy between the model and the observation is most likely due to the reduced dimensionality of the nanowire. The Walker model was derived for one-dimensional domain walls in a thin film, therefore, the further reduction in dimensionality for nanowires needs to be accounted for.
IV. CONCLUSION
Domain wall speeds in permalloy nanowires have been calculated using micromagnetic simulation. The maximum value of the domain wall speed is found to be independent of the damping parameter (giving rise to another potential method of measuring alpha), but dependent on the width of the wire. Improved models are necessary in order to predict analytically the wall speed and critical field for the reduced nanowire geometry.
